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Introduction
[2] The ozone properties in the upper troposphere and lower stratosphere (UTLS) are important to the understand-ing of the global chemistry and climate interaction [World Meteorological Organization (WMO), 1998; Intergovernmental Panel on Climate Change, 2001; Integrated Global Observing Strategy (IGOS), 2004] . For this reason, the ozone behavior as well as the chemical and transport processes that affect the ozone distribution in the UTLS have been the subject of extensive investigations [e.g., Holton et al., 1995; Logan, 1999a Logan, , 1999b Seo and Bowman, 2002; Stohl et al., 2003a; Schoeberl, 2004; Jing et al., 2004 Jing et al., , 2005 . Significant advancement of information on the ozone behavior in the UTLS has been made in recent years [e.g., Logan, 1999a Logan, , 1999b . It is understood that the troposphere is not just a simple sink for stratospheric ozone.
It has its own complex biogenic and anthropogenic ozone sources [e.g., Lelieveld and Dentener, 2000] . Thus, to characterize the ozone behavior in the UTLS is still a great challenge [e.g., IGOS, 2004] .
[3] Previously, we have employed an earlier version of the ozone data between 1985 and 1991 derived from the Stratospheric Aerosol and Gas Experiment (SAGE) II to study the ozone properties in the middleworld on a seasonal basis [Wang et al., 1998a] . The SAGE II ozone seasonal variations in the middleworld were shown to be consistent with the conceptual role of eddy quasi-adiabatic transport [e.g., Holton et al., 1995] , and the model-calculated annual cycle of the diabatic circulation [e.g., Rosenlof, 1995] . Recently, SAGE II northern midlatitude ozone data have been used to study the isentropic ozone stratospheretroposphere exchange (STE) by Jing et al. [2004] . Their results indicate that isentropic ozone STE is associated with wavebreaking and occurs preferentially over the eastern Atlantic Ocean and northern Africa in winter and over the Atlantic and Pacific Oceans in summer, consistent with the findings of Postel and Hitchman [1999] .
[4] A number of extensive ozone climatologies are currently available [Fortuin and Kelder, 1998; Logan, 1999a Logan, , 1999b Logan and McPeters, 1999] . Some existing climatologies were developed on the basis of ozonesonde data alone [e.g., Logan, 1999a Logan, , 1999b , and others used a combination of ozonesonde and satellite data sets [e.g., Fortuin and Kelder, 1998; Logan and McPeters, 1999] . It is our primary objective to develop a monthly midlatitude ozone climatology to improve current understanding of ozone behavior in the UTLS by using the entire retrieval of version 6.2 (v6.2) SAGE II data (October 1984 to August 2005 . Certainly, each type of data has its advantages. The main advantage of SAGE is its spatial coverage, especially beyond northern midlatitudes and in the SH. In addition, SAGE II is a very stable self-calibrated satellite instrument [McCormick, 1987] . Its long-term high quality near global ozone data since October 1984 have been used extensively in the international ozone trend assessment [e.g., WMO, 1998 WMO, , 2003 , and in ozone climatology development [e.g., Logan and McPeters, 1999] .
[5] Using ozonesonde data from 14 ground stations, Wang et al. [2002] have examined the quality of the SAGE II ozone (v6.1) data in detail. The SAGE II data between 1985 and 2000 are shown to agree with the ozonesonde data to within 10% down to the tropopause. In the region between 8 km altitude and 2 km below the tropopause, the SAGE II retrieval systematically underestimates the ozone concentration. They further pointed out that the version v6.1 retrieval features improvement from the previous version in many areas, including better treatment of the wavelength dependence of the atmospheric refraction, the oblateness of the Earth, and the solar edge crossing time determination when the Sun is obscured by clouds or the Earth's surface. In addition, a finer tangent altitude bin of 0.5 km is used for v6.1 data retrieval [Wang et al., 2002] .
[6] The recently released version 6.2 (v6.2) SAGE II data set is primarily focused on improving the water vapor retrieval and the correction of an altitude registration problem stemming from faulty spacecraft ephemeris data [Iyer et al., 2003] . The altitude registration correction affects SAGE II data products in late 2000 and beyond. As indicated by Logan [1999a] , a vertical resolution of about 1 km is required in chemical models to resolve the annual cycle phase changes and the steep gradients of ozone concentration across the tropopause. The solar occultation technique is the only method that has a chance of achieving such a requirement in satellite ozone remote sensing. With the entire v6.2 SAGE II data from October 1984 to August 2005, it is possible to carry out an even more detailed analysis on the behavior of ozone and STE in the midlatitude UTLS than in earlier studies.
[7] The objectives of the present study are to (1) develop a monthly ozone climatology in the midlatitude UTLS that can be used to initialize global atmospheric chemistrytransport models and satellite data retrievals, (2) extend our previous ozone analysis by examining the ozone properties in the UTLS on a monthly basis, (3) investigate the relationship between the tropopause height and tropopause ozone at midlatitudes, (4) explore the timing of the presence of ozone-rich and ozone-poor air at the midlatitude tropopause and relate this to STE processes by analyzing the monthly evolution of ozone probability distribution functions (PDFs), (5) compare features of the midlatitude SAGE II ozone climatology with observations from ozonesondes, and (6) examine the difference in ozone behavior between the Northern Hemisphere (NH) and the Southern Hemisphere (SH). Following the idea of Logan [1999a] , the tropopause height is used as a base altitude for the climatology. The associated meteorological information of monthly mean air density, temperature, and pressure are also included in the climatology. The pressure-height information facilitates the conversion of profiles of the derived ozone climatology to profiles at standard pressure levels. In the following presentation, we discuss the relevant aspects of data used in this study and the method of analysis in section 2. The derived monthly ozone climatology is described in section 3 with highlights on some specific features, including monthly tropopause ozone evolution and its implications of the STE, as well as hemispheric difference in ozone properties. The summary, discussions, and conclusions are presented in section 4.
Data and Analysis
[8] The data employed for the present study include the latest SAGE II ozone retrieval (v6.2) and ozonesonde measurements obtained at Hohenpeissenberg (47.4°N, 11°E), Germany (1985 -2005) , and Lauder (45°S, 169.7°E), New Zealand (1986 -2005) . The main reason for incorporating ozone data from these two ozonesonde stations into the present study is that they have a sufficient and outstanding long-term ozone data record comparable to that from the SAGE II multiyear observations. They provide an excellent opportunity to evaluate the properties of the SAGE II ozone data product in terms of both ozone profile measurements and ozone climatological characteristics in the midlatitude UTLS. It should be noted that the SAGE II instrument makes up to 15 sunrise and 15 sunset occultation measurements each day. The consecutive measurements are separated by 24.5°in longitude and slightly in latitude, and the latitudinal shift is larger at the equator than at midlatitudes. It takes about a month to complete near global coverage [McCormick, 1987; Chu et al., 1989] . SAGE II multiyear observations, which have less frequent cloud obscuration in the extratropics than in the tropics [Wang et al., 1996] , are particularly suitable for studying the ozone behavior in the midlatitude UTLS on a monthly basis. Also included in the present study is the associated meteorological information, including thermal tropopause height, provided to the SAGE II data processing team by the National Centers for Environmental Prediction (NCEP) [e.g., Chu et al., 1989] .
[9] To compare the SAGE II ozone profiles with ozonesonde data, only SAGE II and ozonesonde measurement pairs obtained on the same day, within 1000 km in longitude, and within 5°of latitude are employed. Wang et al. [2002] have recommended removal of SAGE II ozone measurements with an error estimate of 300% or greater for comparison with ozonesonde observations. Generally, the SAGE II ozone data with large uncertainties are associated with measurements having very low ozone concentration, i.e., at low altitudes [Wang et al., 2002] . Our investigation indicates that the magnitude of the estimated uncertainty is correlated with the degree of the low bias of the SAGE II tropospheric data with respect to ozonesonde measurements. For this reason, only data with uncertainty up to 200% are employed in the present ozone climatology investigation. Figure 1 provides the statistics of the SAGE II ozone uncertainty estimate at the northern midlatitudes. Generally speaking, the percentage of uncertainty estimate increases as the altitude decreases.
[10] Since high aerosol loading affects the SAGE II ozone retrieval [Cunnold et al., 1996] , the SAGE II ozone data collected during the unusually high aerosol loading period between June 1991 and November 1993 from the Mt. Pinatubo (15.1°N, 120.4°E) volcanic eruption are excluded from the present study. In addition, ozone measurements in the presence of clouds along the SAGE II instrument viewing path as detected by using the two-wavelength method of Kent et al. [1993] are also rejected from the present investigation.
[11] To develop the monthly ozone climatology, the SAGE II v6.2 ozone data are binned into 5°latitude bins between 22.5°and 67.5°in both hemispheres. As will be shown, the relatively large number of midlatitude profile measurements from the entire SAGE II observations (1984 -2005) facilitate the development of the monthly ozone climatology in the midlatitude UTLS and exploration of the differences between ozone properties in the two hemispheres with unprecedented detail. As indicated in the Introduction, one of the objectives of the present study concerns the cross tropopause transport. To achieve this objective, the SAGE II ozone profile measurements are systematically combined by using the thermal tropopause as the base altitude for the climatology. This treatment of ozone data is important for understanding the ozone properties around the tropopause. It avoids mixing of tropospheric ozone and stratospheric values, which would inevitably happen if the data at the same altitude were grouped together. A recent study of Logan [1999a] favors the use of the thermal tropopause to provide a separation of the tropospheric and stratospheric ozone values. As she noted, the tropopause ozone values vary from tens of parts per billion (ppb) to a few values over 300 ppb, revealing that the thermal tropopause represents a transition between ozone concentrations typically associated with the troposphere (less than $120 ppb) and those found in the lower stratosphere greater than $300 ppb [Logan, 1999a] . It is noted that a detailed study of ozone properties relative to the tropopause is also included in the ozonesonde climatology of Logan [1999a] (the data with respect to the tropopause along with the ozonesonde climatology are available at ftp:// ftp.as.harvard.edu/pub/sonde/tropp).
[12] Three steps are involved in the data processing. First, a new reference vertical coordinate system is formulated by using the NCEP thermal tropopause as the first vertical level, i.e., the new origin, and employing the same vertical resolution (0.5 km) as the SAGE II data. Each ozone profile from the original SAGE II geometric coordinate system is then interpolated to this new vertical coordinate system and is combined with other converted ozone profiles to provide monthly median profiles related to the tropopause. Finally, the derived monthly median ozone profile is converted back to the SAGE II original vertical coordinate system (relative to the surface) by adding the monthly mean tropopause height to the new vertical coordinate system, which uses the tropopause as the first level. The definition of the tropopause height in the NCEP data set follows the standard thermal tropopause definition, i.e., the altitude above which a temperature lapse rate of 2°C/km is maintained for at least 2 km and which is above the 500 hPa level [WMO, 1957; Bethan et al., 1996; Randel et al., 2000] . The same data grouping approach is applied to ozonesonde data. The ozonesonde tropopause follows the same definition as in the NCEP data set. The uncertainty in tropopause height is difficult to estimate. Randel et al. [2000] showed that the NCEP tropopause is too high in pressure by $2 -6 hPa with respect to radiosondes in the tropics and that the bias is approximately constant in time (1957 -1997) . Bethan et al. [1996] showed that, over Europe, the majority of tempera- ture profiles from radiosondes reveal a well defined tropopause with a height difference of less than 0.5 km between the thermal tropopause and an upper tropospheric lapse rate of 5 K/km. This height difference is referred to as the sharpness of the thermal tropopause by Bethan et al. [1996] , and is regarded as a gross measure of the tropopause uncertainty. In the presentation below we will simply refer to the tropopause as the thermal tropopause.
[13] As will be shown below, the ozone data around the tropopause reveal a PDF whose shape is notably different from Gaussian [e.g., Logan, 1999a; Rood et al., 2000; Wang et al., 2002] . For this reason, the present study uses the median instead of the mean in the ozone climatology. The range of the associated 16th and 84th percentiles, which correspond to the range of two standard deviations for a normal distribution, is used to represent the data spread, i.e., variability, of the derived median.
Results

Data Pair Comparison
[14] The results of the data pair comparison between SAGE II and ozonesondes at Hohenpeissenberg are presented in Figure 2 . Monthly pair differences are within 20% at the tropopause plus 1 km, and the differences are smaller at higher altitudes. Below the tropopause, the differences increase as the altitude decreases, and the SAGE II ozone is systematically biased low with the monthly pair difference greater than 50% at 6 km. The small SAGE II sample size at low altitudes resulting from opaque cloud presence may contribute to the poor agreement below 10 km. Both the SAGE II and the ozonesonde measurements reveal quite similar seasonal characteristics in the ozone vertical distribution. Note the appearance of the S-shape of the median ozone profile just above the tropopause in May in both SAGE II and ozonesondes ( Figure 2) , which is notably different from the median ozone distribution in December. To examine the S-shape ozone profile development more closely, the SAGE II monthly median ozone profiles near Hohenpeissenberg relative to the tropopause are shown together in Figure 3 . Figure 3 reveals a layer of about 3.5-km thick with high degree of fluctuation in ozone concentration just above the tropopause. Clearly, the S-shape ozone profile in May is a manifestation of ozone enhancement in the layer during late winter and spring, an interesting well known feature in the springtime ozone vertical distribution in the lower stratosphere [e.g., Logan, 1999b, and references therein]. We suspect that this feature is related to winter polar vortex breakdown and subsequent quasi-isentropic transport in the lowermost stratosphere. A similar feature of the springtime S-shape ozone profile is evident in the November data pair comparison at Lauder (not shown). The overall SAGE II and ozonesonde data pair comparison indicates that the annual median pair differences are within 10% above the 11-km altitude for SAGE II measurements at Hohenpeissenberg and above 10 km at Lauder. Below 10 km, the SAGE II ozone is systematically lower than ozonesondes, and the bias reaches as much as 50% a few kilometers below the tropopause (not shown).
Monthly Zonal Median Ozone Climatology 3.2.1. Latitude-Height Distributions
[15] The monthly zonal median ozone climatology at the northern midlatitudes is presented in Figure 4 . Because of the large uncertainties and low ozone value bias of the SAGE II ozone measurements below the tropopause, particularly in the lower troposphere, only the ozone analyses above 8 km are shown. The latitudinal ozone distributions more or less follow the tropopause, with the highest gradient across the tropopause in March-April and lowest gradient in September-October-November (SON). Further discussions on the gradient in ozone across the tropopause will be shown later in subsections 3.2.2 and 3.4. In the LS, the vertical ozone gradient is higher at low latitudes than at high latitudes. Figure 4 also reveals a downward-andequatorward spread of ozone in the LS during December-April. In the UT, the midlatitude ozone concentration is highest in June-July-August (JJA) and is lowest in December-January-February (DJF). The monthly ozone climatology at the southern midlatitudes is shown in Figure 5 . The seasonal characteristics of the southern ozone climatology are generally similar to those of its northern counterpart. The derived monthly ozone climatology, the associated 16th and 84th percentile values, and the auxiliary meteorological information, including air density, temperature, pressure, potential temperature, thermal/dynamic tropopause height, and potential vorticity (PV), together with their standard deviations are provided as auxiliary material to the report. 1
Monthly Ozone Evolution at Constant Latitude
[16] The monthly ozone evolutions at nine latitudes between 25°N and 65°N are displayed in Figure 6 . In the LS and near the tropopause, the ozone evolution exhibits an annual oscillation generally featuring the highest ozone in early spring and lowest ozone in late summer at a constant altitude. Equatorward of 45°N, the ozone vertical gradient in the LS above the tropopause +2 km is highest in August -September and lowest in February -April. Poleward of 45°N, the vertical gradient is smallest in June-July. Poleward of 35°N, the ozone vertical gradient at and near the tropopause is the greatest in March and smallest in August, which is opposite to the situation in the LS above the tropopause +2 km. At 25°-30°N, the seasonal variation in the ozone vertical gradient near the tropopause appears to follow that in the LS.
[17] The wave type of ozone evolution follows more or less the wave type of the tropopause ( Figure 6 ). Interestingly, the crossing between the tropopause and ozone contours is also evident. Note that, at 40°N, the ozone 140-ppbv contour crosses the tropopause from the LS into the UT in March, and crosses the tropopause from the UT into the LS in September, resulting in higher UT ozone in March-August than in October -February. This high summer UT ozone is consistent with the ozonesonde data studies of Logan [1999a Logan [ , see also 1985 , who showed a broad summer maximum in ozone at the tropopause and immediately below over Europe, the United States, and northern Japan. This summer UT ozone enhancement could be either due to tropospheric photochemistry, or STE, or a combination of the two. The monthly ozone evolutions at southern midlatitudes are shown in Figure 7 . The seasonal variations in the LS ozone vertical gradient, the wave type of ozone evolution, and the crossing between the tropopause and ozone contours are generally similar to those at the northern midlatitudes ( Figure 6 ).
Zonal Median Ozone Near Hohenpeissenberg and Lauder
[18] The monthly evolution of the zonal median ozone in the midlatitude UTLS from SAGE II is compared with that of the ozonesonde measurements at Hohenpeissenberg and Lauder in Figure 8 . Despite the fact that the ozonesonde data are measurements from single stations, the SAGE II zonal medians (Figures 8a and 8b ) and the ozonesonde data (Figures 8c and 8d ) reveal generally similar monthly ozone evolution in the UTLS. Note, the greatest ozone vertical gradient near the tropopause in late winter through early summer, the greatest ozone vertical gradient at altitudes above the tropopause +2 km in late summer and early autumn, and the highest ozone concentration around the tropopause in summer.
[19] Shown also in Figure 8 are the monthly ozone variabilities from SAGE II and ozonesonde. The resemblance in ozone variability between SAGE II and ozonesonde is less evident than in their monthly ozone evolutions. The reason for this difference is likely due to the fact that SAGE II results are derived from zonal data sets while the results from ozonesondes are medians from single stations. Thus the SAGE II analysis involves zonal variability. This is not the case for the ozonesondes. Nevertheless, high ozone variability in the northern UTLS during winter and spring months is evident (Figures 8a   and 8c) , consistent with the ozonesonde data analysis of Logan [1999b] . In the southern UTLS, while the SAGE II observations reveal high ozone variability during February (Figure 8b) , the Lauder ozonesonde data reveal no clear seasonal feature, except the low ozone variability in the UT during April -June (Figure 8d ).
Tropopause Ozone at Midlatitudes 3.4.1. Monthly Evolution
[20] Following the investigation of Logan [1999a] , we have studied the monthly latitudinal distributions of zonal median ozone at the tropopause, 2 km above tropopause, and 1 km below tropopause. The results of the monthly ozone evolution and the monthly evolution of the tropopause height are shown in Figure 9 . In the NH, the tropopause is lowest in February and highest in August (Figure 9a ), while the tropopause ozone generally increases from January to June and declines from July to December (Figure 9c ). With respect to the ozone peak at low latitudes, there is a delay in the occurrence of the tropopause ozone maximum at high latitudes by about 1 -1.5 months (Figure 9c ). No such delay is shown in the tropopause height (Figure 9a ). The summer ozone maximum near 60°N is also shown in the ozonesonde data analysis for 40°N-75°N of Logan [1999a] .
[21] At southern midlatitudes, the tropopause height reveals seasonal variations similar to those at northern midlatitudes (Figures 9a and 9e ). This is not the case for the tropopause ozone. The tropopause ozone maximum appears first at southern high latitudes in late winter (Figure 9g) , in contrast to the situation at the northern midlatitudes, where the tropopause ozone maximum occurs first at about 40°N in spring (Figure 9c ). In addition, with respect to the southern high-latitude ozone maximum, there is a 2 -3 month delay in the occurrence of the ozone maximum at 30°S (Figure 9g ). At 1 km below the tropopause, the ozone evolution generally exhibits similar characteristics to that at the tropopause in both hemispheres (Figures 9c, 9d , 9g, and 9h). Logan [1999a] showed enhanced tropopause ozone in November -January and reduced ozone in March -June in Lauder ozonesonde data. A similar feature is evident at 45°S (Figure 9g ).
[22] At the altitude of 2 km above the tropopause, the ozone at northern high latitudes (poleward of 40°N) peaks in April -May and minimizes in October -November (Figure 9b ). Such a monthly ozone evolution is also consistent with that derived from four Canadian ozonesonde stations [Logan, 1999a] . Equatorward of 35°N, the ozone increases from December to June. In addition, there is a positive ozone gradient toward the tropics during the same period. From May to July, the ozone gradient diminishes concurrently with a rapid increase in ozone in early summer. During the late summer and fall, ozone declines at northern low latitudes. In the SH, the ozone also peaks in early summer and minimizes in winter at low latitudes; it maximizes in early spring and minimizes in early fall at high latitudes (Figure 9f ). However, the spring ozone enhancement at southern high latitudes and the summer peak at southern low latitudes are less intense than their northern counterpart. While the occurrence of the late spring ozone peak at high latitudes can be related to downward spread of ozone-rich air in the lowermost stratosphere, the lowlatitude ozone maximum during summer is most likely due to summer photochemical ozone production. Another distinct difference between the NH and SH is in the vertical structure of the monthly ozone evolution. In the NH, the ozone evolution at the tropopause and below is quite different from that in the LS (tropopause +2 km) (Figures 9b-9d) [see also Logan, 1999a] . In contrast, the ozone annual cycle at the tropopause and below resembles to some extent that at 2 km above the tropopause in the southern LS, as shown in Figures 9f -9h .
[23] In Figure 9 , we have seen interesting ozone properties in terms of ozone distributions relative to the thermal tropopause. It would also be useful to investigate ozone distributions relative to the dynamic tropopause according to the potential vorticity of 2.5 PVU [(K/sec)(m 2 /kg)] (referred to as PV tropopause hereafter to distinguish from the conventional tropopause, i.e., the thermal tropopause). The results of this investigation are shown in Figure 10 . First of all, the PV tropopause is located at a lower altitude than the thermal tropopause (Figures 9a and 9e ) by about 2 km at low latitudes and by about 1 km at high latitudes, leading to a lower degree of the latitudinal gradient of the dynamic tropopause height than of the thermal tropopause. Since PV is conservative for adiabatic processes, changes in ozone at the PV tropopause suggest diabatic, photochemical production, and isentropic STE processes. From Figure 10 , we see ozone changes associated with seasonal changes in the large-scale diabatic circulation in the LS with ozone enhancement poleward of 40°in winter through spring and ozone decrease in summer and autumn (Figures 10b and  10f) . At the PV tropopause and PV tropopause À1 km, Figure 10 shows ozone enhancement between late winter and summer, particularly at latitudes equatorward of 45° (   Figures 10c-10h) , likely related to ozone photochemical production and isentropic STE. In terms of the ozone vertical structure, both the SH and the NH reveal a different monthly ozone evolution at the PV tropopause +2 km from that at the PV tropopause and below (Figures 10b-10d and 10f -10h).
Effect of Vertical Tropopause Displacement
[24] To examine the induced ozone change due solely to vertical displacement of the tropopause, we assume that the ozone profile remains the same from one month to the next. An example of the analysis is shown in Figure 11a for the period from May to June at 45°N. In Figure 11a , the horizontal distance between points A and B equals the induced ozone change, and the horizontal distance between points A and C equals the observed ozone change. The difference in ozone change between the observed and the induced ozone changes is indicated by the horizontal distance between the two points B and C in Figure 11a . A more detailed comparison for the midlatitude band between 25°and 50°is presented in Figure 11b . The monthly characteristics of the observed ozone change are quite different from those of the induced ozone change. The maximum and minimum tropopause ozone changes derived from SAGE II data lead respectively the maximum and minimum tropopause ozone changes induced by the tropopause change by about two months in the NH and by three months in the SH. Thus changes in tropopause height alone cannot satisfactorily explain the observed annual cycle of the midlatitude tropopause ozone. Additional mechanism(s) must be involved in controlling the tropopause ozone.
Seasonal Longitude-Latitude Tropopause Ozone Distribution
[25] To add to the understanding of the tropopause ozone behavior, the seasonal ozone longitude-latitude distributions at the tropopause are analyzed (Figure 12) . The seasonal longitude-latitude distributions of tropopause ozone provide information on geographic areas that are most favorable for exchange of ozone between the tropics and the extratropics and between the NH and the SH, in addition to the seasonal dependence of the arrival of ozone from the LS and UT. Wang et al. [2002] showed that the mean difference between SAGE II and collocated ozonesondes is about 5 -20% near the tropopause in the tropics.
[26] In general, Figure 12 exhibits low tropopause ozone in the tropics and high tropopause ozone in the extratropics, consistent with the general concept that the large-scale circulation features upward motion in the tropics and descent at middle and high latitudes [Rosenlof, 1995] , given the fact that the ozone concentration is higher in the stratosphere than in the troposphere. Note the low tropopause ozone concentrations over the western tropical Pacific and northern South America. These are regions where deep convection is prevalent. Studies using SAGE II water vapor data also indicated low water vapor over these areas in the LS [e.g., Wang et al., 1996] .
[27] In the extratropical NH, tropopause ozone increases in spring with the highest concentrations occurring over the eastern Mediterranean, China, the northern Pacific, and the northern Atlantic, and low ozone over eastern Siberia and Canada (Figure 12b ). Note the sharp ozone gradient along the southern edge of the rich ozone distribution. The northern extratropical ozone distributions during winter Figure 10 . (a -h) Same as Figure 9 but for ozone relative to the dynamical tropopause, i.e., 2.5 PVU.
( Figure 12a ) are generally similar to those of spring ( Figure 12b ) but ozone concentrations are somewhat smaller. The locations of these high ozone areas coincide generally with storm track regions and warm conveyor belts [e.g., Stohl et al., 2003a] . By summer, ozone maximizes over southwestern Europe, northeastern Asia, and the northern Pacific (Figure 12c ). Note the severely distorted ozone contours (110 -155 ppbv) in the northern subtropics (Figure 12c ), signifying ozone exchange between the tropics and the northern midlatitudes [e.g., Chen, 1995; Jing et al., 2004] . This feature is consistent with the high summer statistics of Rossby wave breaking [Postel and Hitchman, 1999] , and monsoon activities [Dunkerton, 1995] . Note also the relatively high ozone values (95 -100 ppbv) over the tropical western Indian Ocean around 50°E as to suggest possible cross equator ozone transport from the NH to the SH in JJA. During SON, the ozone concentration in the NH decreases (Figure 12d ). However, the ozone distributions over southern China, the eastern midlatitude Pacific, and the eastern midlatitude Atlantic are still higher than other regions in the NH (Figure 12d ).
[28] In the extratropical SH, the tropopause ozone seasonal variation is somewhat different from that in the NH. The tropopause ozone peaks during austral spring at high latitudes, particularly between 150°W and 60°E (Figure 12d) . We see also a region of low ozone centered at about 50°S:175°E southeast of Australia. Note the sharp meridional ozone gradient at 25°S (Figure 12d ). In summer, the ozone declines at southern high latitudes concurrent with the equatorward ozone spread, which is particularly (Figure 12a ), resulting in a pattern that resembles the model study of Chen [1995] . Furthermore, the ozone concentrations around 120°W are higher than in other regions in the tropics (Figure 12a ). This feature suggests interhemispheric ozone exchange from the SH to the NH through isentropic transport and mixing during DJF. The tropopause ozone in the SH also reaches its lowest level in austral autumn (Figure 12b) , followed by an enhancement in winter (Figure 12c ).
Tropopause Ozone PDFs
[29] Examination of the monthly ozone PDF permits detailed insight into the growth and decay of a spectrum of ozone concentrations at the tropopause, thus enabling us to explore the arrival and departure of ozone-rich/ozonepoor air at the tropopause and the timing associated with stratosphere to troposphere transport (STT) and troposphere to stratosphere transport (TST). The present PDF study covers a range of ozone mixing ratios up to 540 ppbv using a bin width of 30 ppbv.
[30] The area normalized monthly ozone PDFs at northern midlatitudes (45°N-50°N) are presented in Figure 13a . The shape of the PDFs is not Gaussian. During November -February, the PDFs feature a peak in the 60-90 ppbv bin. Beginning in March, the probability for ozone concentrations greater than about 120 ppbv gradually increases. The growth of the probability in these high ozone concentration bins continues into June, indicating the arrival of ozone-rich air at the tropopause from the LS during these months. Concurrent with the increased probability of seeing ozone in high ozone concentration bins is the gradual decline in probability of filling the low ozone concentration bins from March to June (Figure 13a ). Note that the probability is a maximum at the bin centered at 75 ppbv during DJF. The maximum shifts to the bin centered at 165 ppbv in June (Figure 13a ).
[31] The specific shape of the monthly ozone PDF (Figure 13a ) suggests multimode probability distribution. To illustrate this multimode feature of the tropopause ozone, the monthly ozone PDF is fitted with a bimodal lognormal distribution defined as
where N(i) is the total area normalized probability (%) of the ith mode (i = 1,2), a(i) is the ith associated mode probability (%), and s(i) is the ith associated standard deviation (%) of the lognormal expression. The derived bimodal lognormal distribution for the northern midlatitude tropopause ozone measurements is superimposed onto the PDF plot in Figure 13a . The calculated correlation coefficient between PDF data and the results from the model fitting ranges between 0.999 and 0.954, suggesting that the tropopause ozone PDF can be adequately represented by a bimodal lognormal distribution, as shown in Figure 13a .
[32] The model analysis of the northern midlatitude ozone PDFs indicates that the small PDF mode (centered at 75 ppbv) during DJF almost completely disappears in June -July, while the large PDF mode (centered at 135 ppbv) in DJF is enhanced along with the appearance of an even larger mode centered around 300 ppbv in June -July (Figure 13a ). This larger mode diminishes in August -September and the PDF gradually returns to its pattern with a dominant small mode in November -February (Figure 13a ). The monthly tropopause ozone PDFs at southern midlatitudes (42.5°S-47.5°S) are displayed in Figure 13b . The southern ozone PDFs also exhibit bimodal distributions, but with a smaller spread and shorter tail of high ozone values than the northern PDFs. In addition, while the large mode of the ozone PDF becomes the fully dominant mode in early spring (September) in the SH, it is in the late spring (May) in the NH.
[33] The monthly tropopause ozone PDFs for ozonesondes from Hohenpeissenberg and Lauder are shown in Figures 14a and 14b , respectively. The shape of the ozonesonde PDFs is notably narrower than that of SAGE II, strongly suggesting regional characteristics of the ozonesonde measurements. Nevertheless, the bimodal feature and seasonal shift of the peak of the ozonesonde PDFs are evident. Interestingly, the ozone PDF spread being smaller at Lauder than at Hohenpeissenberg (Figure 14) is also consistent with the difference in the spread of the SAGE II ozone PDFs between the southern midlatitudes and the northern midlatitudes (Figure 13 ), likely because of different ozone sources and transport/mixing processes between the NH and the SH.
Tropopause Ozone Long-Term Record
[34] Time series of tropopause ozone between 1984 and 2005 derived from zonal medians of the SAGE II measurements are compared with seasonal ozonesonde medians from Hohenpeissenberg and Lauder (1986 -2005) at corresponding latitudes in Figures 15a and 15b , respectively. The SAGE II data gap from early 1991 to late 1993 is a consequence of unusually high aerosol loading from the June 1991 Mt. Pinatubo volcanic eruption, which interrupted the SAGE II ozone retrieval in the UTLS [Cunnold et al., 1996] . Generally speaking, the long-term tropopause ozone records from SAGE II and ozonesondes exhibit similar seasonal fluctuations. The agreement between SAGE II and Hohenpeissenberg ozonesondes is better in winter than in summer (Figure 15a ). This seasonal feature suggests relatively more uniform zonal ozone distribution at northern midlatitudes during winter than during summer, as indicated in Figures 12a and 12c . In addition, the SAGE II seasonal record in the NH exhibits much larger zonal ozone variabilities in summer than in winter (Figure 15a) , consistent with the ozone PDF spread being larger in summer months than in winter months, as shown in Figure 13a . In the case of Lauder ozonesondes, the seasonal record on average is about a factor of 1.5 smaller than SAGE II. The reason for this difference is because the Lauder ozonesonde is located in a geographic region in which the multiyear seasonal ozone median is systematically smaller than the ozone median in the remaining area at similar latitudes, as shown in Figure 12 . Presumably the agreement between the SAGE II and Lauder records would be much better if the SAGE II data were restricted to locations close Lauder.
Summary, Discussions, and Conclusions
[35] The newly revised SAGE II satellite ozone data (version 6.2) between 1984 and 2005 have been used to develop a monthly zonal median ozone climatology in the midlatitude UTLS using the thermal tropopause as a height reference. The characteristics of the derived SAGE II midlatitude UTLS ozone climatology are consistent with the ozonesonde climatology of Logan [1999a] in many respects, including (1) the ozone seasonal cycle at the tropopause and in the UT, (2) a broad summer UT ozone maximum in the NH, (3) a rapid phase change in the annual cycle of ozone across the tropopause in the NH, (4) the spring ozone maximum just above the tropopause, and (5) the non-Gaussian ozone PDFs at the tropopause. This consistency reinforces the confidence in SAGE II satellite ozone remote sensing in the UTLS.
[36] Most importantly, the large number of SAGE II satellite midlatitude ozone data in the NH as well as in the SH facilitate not only the development of the monthly ozone climatology but also the exploration of the difference in ozone behavior between the NH and the SH in great detail. The results of the present study reveals a different monthly evolution in the tropopause ozone between the NH and the SH. While the tropopause ozone maximum in the NH occurs first at about 40°N in the spring, the maximum ozone in the SH occurs first at high latitudes in late winter. In the NH, the ozone maximum at 65°N occurs about 1 -1.5 months later than the maximum near 40°N. In the SH, the ozone peak at 30°S takes place 2 -3 months later than the maximum at southern high latitudes. An additional difference in the properties of the midlatitude UTLS ozone between the NH and the SH is in the vertical structure of the monthly ozone evolution. This study shows that, in the SH, the monthly ozone evolution at the tropopause and 1 km below the tropopause resembles that at 2 km above the tropopause to some extent. This is not the case in the monthly ozone evolution in the NH. In terms of ozone distributions relative to the dynamical tropopause, i.e., 2.5 PVU, no such resemblance is found between the ozone at PV tropopause +2 km and ozone at the PV tropopause and tropopause À1 km in both hemispheres.
[37] Those differences in ozone characteristics near the tropopause between the northern and southern midlatitudes is almost certainly related to strong anthropogenic ozone sources in the extratropical NH [e.g., Lelieveld and Dentener, 2000; Fusco and Logan, 2003] , and to the differences between the strengths of winter polar vortices and synoptic-scale atmospheric disturbances in the two hemispheres. The winter polar vortex in the SH is much stronger than in the NH, while the synoptic-scale disturbances are much weaker in the SH than in the NH [Rosenlof, 1995] . Consequently, descent in the Antarctic vortex plays a predominant role in controlling the SH ozone distribution, while both descent and synoptic-scale disturbances influence the ozone distribution in the NH. Pan et al. [1997] noted that hemispherical differences in the strength of STE and in poleward transport associated with Hadley circulation contribute to hemispheric asymmetry in LS water vapor [see also Rosenlof et al., 1997 ]. An additional influence is the hemispherical difference in ozone related heterogeneous chemistry in the presence of polar stratospheric clouds (PSC) [Solomon, 1990] . As PSCs are more abundant and persistent in the SH than in the NH [McCormick et al., 1982] , the LS ozone at southern high latitudes is being lost in September -October and the effects of this loss can be advected to lower latitudes as the vortex breaks up.
[38] To explore the tropopause ozone behavior over a spectrum of concentrations, the present study investigates the monthly evolution of the tropopause ozone PDFs. The results indicate that the probability of high ozone concen-trations increases and the probability of low ozone concentrations declines in the spring and early summer months, reflecting possible stratosphere to troposphere transport during this time of year. In the late summer and fall months, the probability of high ozone concentrations declines concurrent with the enhancement of the probability of low ozone concentrations, suggesting possible troposphere to stratosphere transport in late summer and fall.
[39] Furthermore, this study has demonstrated that the midlatitude tropopause ozone PDF can be represented adequately by a bimodal lognormal distribution. Interestingly, the intensification/weakening of the large/small mode of the total mode area, N, correlates well with the enhancement/decline of the tropopause ozone concentration. This feature suggests that the large (small) modes in the bimodal distribution are associated with stratospheric (tropospheric) air at the tropopause. The bimodal distribution in the tropopause ozone PDF is also indicative of the presence of air characteristic of both the stratosphere and the tropo- sphere, as well as STT and TST exchange processes that occur all year round, consistent with a transition zone near the tropopause as suggested in the literature [e.g., Logan, 1999a; Rood et al., 2000] .
[40] It is noted that the relative roles of transport and chemistry on UT ozone are not well understood or quantified at present. The distinct seasonal enhancement in the midlatitude ozone distribution in the UT from late winter to early summer suggests photochemical production and possible STT, and the ozone decline around the tropopause during late summer through early winter could relate to chemical ozone loss and/or absence of an ozone source or TST [e.g., Rosenlof et al., 1997; Wang et al., 1998b] . The occurrence of high ozone loadings in the UT during the summer months is also consistent with the high summer statistics of the Rossby wave breaking activities [Postel and Hitchman, 1999; Jing et al., 2004] . Furthermore, in summer, active photochemical ozone production can also contribute to elevated ozone concentrations near the tropopause [e.g., Bethan et al., 1996] . Recent global three-dimensional chemistry-transport model studies indicate that tropospheric ozone in the extratropical NH is strongly affected by industrial and fossil fuel-related emission [Lelieveld and Dentener, 2000; IGOS, 2004] , and that increases in methane are responsible for approximately one fifth of the anthropogenically induced increase in tropospheric ozone at northern midlatitudes [Fusco and Logan, 2003] . Further detailed analysis using global atmospheric chemistry-transport models to quantify the relative roles of chemistry and dynamics in controlling the UTLS ozone and their contributions to the different ozone properties between the two hemispheres is warranted.
[41] Furthermore, the details of where tropospheric air enters the stratosphere and the scales involved are still heavily debated [Stohl et al., 2003b] . It is acknowledged that extratropical STE occurs in both directions, i.e., STT and TST [Holton et al., 1995; Chen, 1995; Stohl et al., 2003a Stohl et al., , 2003b . How stratospheric air is transported into the troposphere has been the focus for some time (see all the references given by Stohl et al. [2003b, p. 5, paragraph 16] ), and tropopause folds and cutoff lows are generally accepted as especially important STT processes. As for the TST, it has received much less attention in the past: studies on TST have been reported in the literature only recently (see the references given by Stohl et al. [2003b, p. 5, paragraph 18] ). Nevertheless, STE remains inadequately quantified, according to Stohl et al. [2003a Stohl et al. [ , 2003b , because of the difficulties in resolving filamentary flow structures and air mass residence time after they have been transported across the tropopause. To address these considerations requires highresolution Lagrangian trajectory analysis with ozone chemistry included [Stohl, 2001; Stohl et al., 2003a Stohl et al., , 2003b Wernli and Bourqui, 2002] and this is beyond the scope of the present investigation. Satellite instruments, on the other hand, can provide valuable observational information on STE in a temporally and spatially integrated sense.
[42] This midlatitude monthly ozone climatology, relative to the tropopause, from SAGE II can be used to initialize global chemistry-transport models and satellite data retrievals. With its sufficient data coverage at midlatitude in both hemispheres, the present ozone climatology complements the existing climatologies in the midlatitude UTLS [e.g., Fortuin and Kelder, 1998; Logan, 1999a Logan, , 1999b Logan and McPeters, 1999] . Finally, the entire data set of the SAGE II monthly ozone climatology shown in Figures 4 and 5 is provided as auxiliary material to the present report. Included in the auxiliary material is also the ozone climatology data referenced to the tropopause. It is noted that the user of this SAGE II climatology should be aware of the low ozone value bias below about 10 km. In the future, this ozone climatology will be updated as new and improved SAGE II ozone retrievals become available.
